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NATTONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-275

COMPIIATION OF THERMODYNAMIC PROPERTIES, TRANSPORT
PROPERTIES, AND THEORETICAL ROCKET
PERFORMANCE OF GASEOUS HYDROGEN

By Charles R. King

SUMMARY

Thermodynamic properties, transport properties, and theoretical per-
formance for egquilibrium composition during an igentropic expansion were
computed for normal hydrogen as a rocket propellant. Data are presented
for chamber temperatures from 600° to 5000° K, chamber pressures from
0.146960 to 1469.60 pounds per square inch absolute, and nozzle pressure
ratios from 1 to 3000,

Properties and performance parameters computed include: nozzle-exit
Pressure, nozzle-exit temperature, enthalpy, molecular weight, isentropic
exponent, specific heat at constant pressure, absolute viscosity, thermal
conductivity, Mach number, specific impulse in vacuum, ratio of nozzle-
exit area to throat area, thrust coefficient, specific impulse, equilib-
rium gas composition, characteristic velocity, and entropy. Additional
data were compiled and are presented in the form of curves to show some
of the properties of normal hydrogen, orthohydrogen, and parahydrogen at
low temperatures for several pressures. These figures include computed
data as well as data taken from available literature.

INTRODUCTION

In recent years there has been an increasing interest in the use of
hydrogen as a propellant for rocket propulsion systems. Before accurate
design studies and performance calculations can be made for these systems,
it is necessary to know the thermodynamic properties, the transport prop-
erties, and the theoretical performance of the proposed propellant -
hydrogen. It is necessary to know these properties over the entire range
of powerplant operating temperatures and pressures. Although there is a
considerable amount of information in the literature on the properties of
hydrogen {(refs. 1 to 16), this information does not always cover the en-
tire range of conditions of interest. Furthermore, the literature usually



presents data on normal hydrogen. Design studies and performance calcula-
tions for powerplants currently of interest require data on the properties
of parahydrogen and of mixtures of parahydrogen and orthohydrogen at low
temperatures. Of greater importance is the need to know the properties

of hydrogen in the region where hydrogen dissociates.

Data have been compiled at the Lewilis Research Center to provide the
required property data for hydrogen for a wider range of temperatures
and pressures than were heretofore available, including temperatures and
pressures where hydrogen becomes dissociated. In addition, rocket per-
formance calculations have been made using hydrogen as the propellant and
assuming equilibrium composition during an isentropic expansion through
the exhaust nozzle. These calculations are based on the latest thermody-
namic data available and were carried out in accordance with the methods
described in references 4 and 17 as programmed in reference 17 for use
with a high-speed data-processing machine. In addition to the equilibrium
gas composition for assigned values of chamber temperature and pressure,
the program calculates nozzle-exit pressure, nozzle-exit temperature,
enthalpy, molecular weight, isentropic exponent, specific heat at constant
pressure, absolute viscosity, thermal conductivity, Mach number, specific
impulse in vacuum, ratic of nozzle-exit area to throat area, thrust coef-
ficient, specific impulse, characteristic velocity, and entropy.

The data are presented in tables and figures for temperatures from
600° to 5000° K for chamber pressures of 0.146960 to 1469.60 pounds per
square inch absolute and exhaust-nozzle pressure ratios from 1 to 3000.
Additional data were compiled and are presented in the form of curves to
show some of the properties of normal hydrogen, orthohydrogen, and para-
hydrogen at low temperatures for several pressures. These figures in-
clude computed data as well as data taken from available literature.

SYMBOLS
A nozzle cross-sectional area, sq in.
bpx parameter (ref. 2)
Cp coefficient of thrust, Cp = g.I/c® = F/PA,
c* characteristic velocity, chcAt/w
cp specific heat at constant pressure, (8h/5T)P, cal/(g)(°K)
c; ideal specific heat at constant pressure, (Oh/0T)p, cal/(g)(°K)
cy, specific heat at constant volume, cal/(g)(%K)
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Ivac

ideal specific heat at constant volume, cal/(g)(°K)
thrust, 1lb

molar free energy at standard conditions, cal/mole

function of force constant e/k and temperature T

gravitational conversion factor, 32.174 (1 mass/lb force)
(ft/secz)

sum of sensible enthalpy and base enthalpy (67,416.9 cal/mole)
at 0° K, cal/mole

sum of sensible enthalpy and base enthalpy (33,440,9 cal/g)

in(ﬁg)i

.

1
at 0° K, ———— cal/g

specific impulse with ambient and exit pressures equal,
(1b thrust)/(1b propellant)/sec

specific impulse in vacuum, I + P(A/w), (1b thrust)/(lb pro-
pellant)/sec

coefficient of thermal conductivity, cal/(sec)(cm)(°K)

Mach number

molecular weight, E x;.M;, g/g-mole or 1b/lb-mole
i

static pressure (sum of partial pressures), 1b/sq in.
partial pressure, lb/sq in.

universal gas constant, consistent units

entropy (does not include nuclear spin), cal/(gm)(OK)
entropy, 2.016 8, cal/(mole HZ)(OK)

entropy at standard conditions, cal/(mole)(°K)

temperature, %k



W mass-flow rate, (1b mass)/sec
X mole fraction
T ratio of specific heats, cp/cv
€ ratio of nozzle area to throat area, A/At
e/k force constants for viscosity calculation, °K
K isentropic exponent, -c-l—)[l + (%l_n_.!_) ]-l
cy In P T
[ absolute viscosity, gf(cm)(sec)
o collision diameter for viscosity calculation, A

9(2)2)* function of force constant e/k and temperature T

Subscripts:

c chamber

H atomic hydrogen

H2 molecular hydrogen

i it substance

n normal hydrogen, 75 percent orthohydrogen and 25 percent
parahydrogen

o orthohydrogen

P parahydrogen

t throat

1 reference point

CALCULATION PROCEDURE
General Method

The calculation of the propellant properties and the theoretical
performance of a rocket using hydrogen as the working fluid is complicated

269-H
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by the fact that hydrogen dissociates at high temperatures. Nevertheless,
the equilibrium composition and a few of the properties of the dissociated
hydrogen are easily computed from equations for chemical equilibrium and
Dalton's law of partial pressure, providing the temperature and the pres-
sure of the gas are known. For a process such as an isentropic expansion
to an assigned pressure in an exhaust nozzle, the temperature and pressure
are not known when there is dissociation or recombination taking place

in the stream. However, an isentropic expansion process can be described
by the addition of equations for the conservation of mass and entropy.

The resulting equations are as follows:

o
AF
RT - 1B Ph, - 10 Py (1)
— o ) 2p
S . (EI In p CPi + S In \ 2 (2)
- - Tooe + oY -
R R ;1 \ZPHZ + PH) R JHo ‘2pH2 + ij

These equations are algebraic nonlinear equations and can be solved
by an iterative technique such as the one described in references 4 and
17. This technique has been programmed in reference 17 for use with a
high-speed computing machine. The data presented herein in tables were
computed using this program. This program was written primarily for the
purpose of computing the performance of chemical rockets where many reac-
tion products are present; therefore, it was necessary to simplify the
program in order to compute the performance of a heat-transfer-type rocket
using hydrogen alone as the propellant. Further, the computation of the
equilibrium combustion temperature was omitted. Instead, the equilibrium
composition and theoretical rocket performance were computed for assigned
chamber temperatures. (The successive approximation process used in the
calculation procedure was continued until seven-figure accuracy was
reached in the desired values of the assigned parameters.) The equations
in the program (ref. 17) for computing the various performance parameters
were derived from the one-dimensional forms of the continuity, energy, and
momentum equations using the following assumptions:

(1) zero velocity in the chamber
(2) perfect gas law

(3) homogeneous mixing

(4) isentropic expansion

These equations are given in reference 17 and in texts on rocket propul-
sion such as references 18 and 19.



A second program (unpublished) for computing viscosity and thermal
conductivity in conjunction with the program described in reference 17
is in existence at the Lewlis Research Center and was used to compute the
transport properties.

Thermodynamic Data

The program described in reference 17 and used herein solves for
temperature simultaneously with composition. For this reason, it was
necessary to represent the specific heat, enthalpy, and entropy data for
each constituent as functions of temperature. These properties were ob-
tained by a least-squares fit of the thermodynamic data presented in ref-
erence 1 and were represented by power series equations. The resulting
equations and the coefficients for atomic and molecular hydrogen are
tabulated in reference 17.

Transport Properties

A second program (unpublished) for computing viscosity and thermal
conductivity in conJjunction with the program presented in reference 17 is
in existence at the Lewis Research Center. The equations used in this
program were simplified because of machine storage limitations in order
to handle the many reaction products in a chemical rocket. More exact
equations (ref. 20) could be used to compute the viscosity and thermal
conductivity of hydrogen; however, no changes were made in the existing
program for the calculation of the viscosity and thermal conductivity of
hydrogen presented herein.

Viscosity. - Viscosity data are needed in making heat-transfer and
flow studies. Calculations have been made to determine the viscosity of
hydrogen for the range of conditions included in this report. The sim-~
plified equation used herein in order to make use of an existing program
is based on averaging the kinematic viscosities of the atomic and molecular
hydrogen. This equation gives values for viscosity that are often suf-
ficiently accurate for engineering purposes and is as follows:

- M
H AL (3)
T

This equation seems reasonable in the absence of experimental viscosity
data for the individual constituents at high temperatures.

The viscosities of the individual constituents in equation (3) were
computed using the following equation (ref. 20):

ocQ-1T
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*
where the parameters 0(2:2) and f&k) can be obtained from reference

20 as functions of the force constants e/k and temperature. The force
constants e/k and 0O for atomic and molecular hydrogen were calculated
from experimental viscosity data. The resulting values of these param-
eters appear in reference 21 and are given in the following table:

Sub- o, e/k,
stance A OK

H 2,497 [ 99.8

H, |2.729 |86.1

Thermal conductivity. - Thermal conductivity data as well as vis-
cosity data are needed for heat-transfer calculations. However, experi-
mental conductivity data are generally even less available than experi-
mental viscosity data. The Eucken relation used herein in order to make
use of an existing program is as follows:

Kk = p(cp+§;%) (5)

This relation often gives satisfactory values of conductivity for indi-
vidual components and is used in this report to estimate the conductivity
of the gaseous mixtures of atomic and molecular hydrogen.

Ortho-Parahydrogen Properties

Hydrogen gas can be considered as a mixture of two distinct compo-
nents, orthohydrogen and parahydrogen (ref. 2). The higher temperature
(above B00° K) egquilibrium mixture of the two forms is called normal hy-
drogen. The normal mixture of hydrogen is made up of 75 percent ortho-
hydrogen and 25 percent parahydrogen. The properties and performance
data presented herein for temperatures above 600° K are for normal hydro-
gen and were computed by the method of reference 17 as discussed pre-
viously. At lower temperatures the equilibrium mixture can vary depend-
ing upon such factors as the method of manufacture, the time in storage,
and the presence of a catalyst. Since the properties of orthohydrogen
and parahydrogen are different, it is necessary to know the composition
of the hydrogen at temperatures below 600° K before it is possible to
determine the properties of the mixture. Some of the properties of ortho-
hydrogen and parahydrogen are presented in figures herein for temperatures



below 600° K and several pressures. These properties were obtained from
avallable literature or were computed as follows:

Specific heat. - The ideal specific heats at constant pressure for
orthohydrogen, normal hydrogen, and parahydrogen were obtained from ref-
erence 2., The specific heats of normal hydrogen for higher pressures
were obtained from reference 1. Reference 2 suggests that the specific
heat at constant pressure for orthohydrogen and parahydrogen at high
pressures can be computed using the real-gas corrections for normal hy-
drogen in the following equations:

- O 0

Cp,0 = Cp,0 * (cp,n cp,n) (6)
_ a0 o

cp,p = p,p * (cp,n - cp,n) (7)

The real-gas correction term (cp,n - c9 n] can be computed from the data
b, P,

in reference 1 or from equation (5.8) in reference 2. The various param-
eters required in the solution of equation (5.8) are given in tables in
reference 2.

Ratio of specific heats. - The ratio of ideal specific heats of
normal hydrogen for several pressures was obtained from reference 1. To
obtain the ratios of ideal specific heats for orthohydrogen and para-
hydrogen, it was necessary to compute the ideal specific heat at constant
volume using the ideal specific heats at constant pressure given in ref-
erence 2 and the following equations:

03 = cg -;f% (8)

and

€]

<1OO|"d (@]

(9)
The ideal specific heat at constant volume will be used in succeeding
calculations.

The following equations were used to calculate the specific heat at
constant volume at high pressures:

0

= o0 0
¢v,0 = Sv,0 * {Cv,n - cv,n) (10)

= 0
Cy,p = c7,p + (Cv,n - Cv,n) (11)

ToQ="T
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The real-gas correction term &v,n - cg’n) was calculated from equation

(5.7) in reference 2. The various parameters required in the solution of
equation (5.7) are given in tables in reference 2. The ratio of specific
heats of orthohydrogen and parahydrogen for several pressures was obtained
by combining the data of equations (6) and (10) and (7) and (11) in
equation (9).

Viscosity. - From experimental work presented in reference 22 and
described in reference 3, it is concluded that there is no difference in
the viscosities of normal hydrogen, orthohydrogen, and parahydrogen. The
viscosity data presented herein for a pressure of 14.6960 pounds per square
inch absolute were obtained from references 2 and 13. ZEquation (6.17)
(ref. 2), which was used herein to determine the magnitude of the effect
of pressure on the viscosity of hydrogen, is as follows:

y 3
&= =1 +0.175(bpx) + 0.7557(bpx) % - 0.405(bex) (12)
1

Equation (6.17) developed in reference 2 is based on a theoretical formula
proposed by Enskog. The parameter bpx required for the solution of
equation (12) can be obtained from data presented in reference 2.

Thermal conductivity. - The thermal conductivity of normal-hydrogen
gas at temperatures below 600° K can be found in many references, and
these data agree fairly well. Thermal conductivity data for parahydrogen
can be found in a few references. On the other hand, the thermal conduc-
tivity of orthohydrogen is generally not available. The data presented
herein for normal hydrogen for a pressure of 14.6960 pounds per square
inch absolute were obtained from reference 1. The data presented for
higher pressures were computed from equation (6.18) in reference 2:

2
éﬁ = 1 + 0.575(bpx) + 0.5017(bpx) - 0.204(bpx)5 (13)
1

This equation developed in reference 2 is based on a theoretical formula
proposed by Enskog. The parameter bpx required for the solution of
equation (13) can be obtained from data presented in reference 2. The
thermal conductivities for orthohydrogen and parahydrogen were computed
by a method suggested in reference 3 using the Eucken relation as
follows:

ﬁcp n+§§7)
ko =k, 2 =—2 (14)
(CPJO +17)
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and

:2;» (15)

PRESENTATION OF RESULTS

The calculated values of the various performance parameters and the
properties of hydrogen for chamber temperatures from 600° to 5000° K,
chamber pressures from 0.146960 to 1469.60 pounds per square inch abso-
lute, and exhaust-nozzle pressure ratios from 1 to 3000 are given in
tables I to ITII. Typical variations in some of the data presented in
tables I to III for temperatures above 600° K are presented in figures 1
to 13. These figures include computed data as well as data taken from
available literature. The data in the figures for temperatures below
600° K are not tabulated.

269-H

Thermodynamic properties, transport properties, and performance .
parameters are presented in table I. The equilibrium composition of the
gaseous hydrogen at the assigned temperatures and pressures is presented
in table II. Characteristic velocity and entropy for the assigned tem-
peratures and pressures are given in table III.

Thermodynamic and Transport Propertie

The enthalpy, molecular weight, isentropic exponent, specific heat
at constant pressure, absolute viscosity, and thermal conductivity of
hydrogen are presented in table I. The entropy of hydrogen is given in
table III. Properties for chamber conditions are found in the tables
where the pressure ratio equals one (PC/P = 1). Properties at the noz-

zle throat are found in the tables where the area ratio egquals one
(e = 1).

Specific heat at constant pressure, ratio of specific heats, enthalpy,
and entropy of the gaseous hydrogen are presented in figures 1 to 6, re-
spectively. The transport properties, absolute viscosity and thermal con-
ductivity, are presented in figures 7 to 10, respectively. The molecular
weight of the dissociated hydrogen at the assigned chamber temperatures
and pressures is presented in figure 11.

The data presented in the figures for temperatures above 600° K were
plotted from the tables presented herein. Data which do not appear in
the tables have been included in figures 1, 3, 5(a), 7, and 9 and show
some of the properties of normal orthohydrogen, parahydrogen, and normal .
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hydrogen at temperatures below 600° K for several pressures. These data
were obtained by methods described in the section entitled CALCULATION
PROCEDURE.

Theoretical Rocket Performance

Mach number, specific impulse, area ratio, thrust coefficient, and
specific impulse in vacuum are presented in table I at assigned pressure
ratios for each chamber temperature and pressure.

Typical plots of specific impulse in vacuum and area ratio for a
pressure ratio of 1000 are presented in figures 12 and 13, respectively.
These data were obtained from table I.

Figure 12(b) indicates that for each temperature above 3800° K there
is only one particular chamber pressure that will produce the highest
specific impulse in vacuum. Any additional reduction in the chamber pres-
sure will reduce the specific impulse. At the lower pressures the loss
of energy due to incomplete recombination in the exhaust nozzle becomes
greater than the gain in energy by dissociation in the chamber.

Lewlis Research Center
National Aeronautics and Space Administration
Cleveland, Ohic, January 12, 1960
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THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET

- Continued.

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000

[Equilibrium composition during isentrop
chamber conditions. ]

TABLE I.
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THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET

- Continued.

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000

[Equilibrium composition during isentrop
chamber conditions
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THEORETTICAL PERFORMANCE OF HYDROGEN AS A ROCKET

librium composition durin

- Continued.

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000

chamber conditions. ]
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THEORETICAI PERFORMANCE OF HYDROGEN AS A ROCKET

- Continued.

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000

[Equilibrium composition dur
chamber conditions. ]
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THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET

(1) Chamber temperature, 2600° K
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~ Continued.
PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000

[ Equilibrium composition dur
chamber conditions. ]
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- Continued.
PROPELLANT AT ASSIGNED PRESSURE RATTOS FROM 1 TO 3000

[ Equilibrium composit
chamber conditions.]
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THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET

- Continued.
PROPELIANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000

[Equilibrium composition during isentropic expansion from
chamber conditions. ]
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THEORETICAL. PERFORMANCE OF HYDROGEN AS A ROCKET

- Continued.

TABLE I.

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000
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chamber conditions. ]

abs

Chamber pressure, P,, 44.0880 1b/sq in. abs
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THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET

- Continued.
PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000

[ Equilibrium composition dur

TABLE I.

chamber conditions.]
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THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET

- Continued.

TABLE I.

PROPELLANT AT ASSIGNED PRESSURE RATIOS FROM 1 TO 3000

from

1Cc expansion

[Equilibrium composition during isentrop
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Chamber pressure, Py, 0.146960 1b/sq in,

Chamber pressure, P., 0.440880 1b/sq in.
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per-
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chamber conditions. )
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pressure,|
1b/sq in
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Static

Pressure
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Chamber pressure, Py, 4.40880 1b/sq in. abs
Chamber pressure, P., 14.6960 1b/sq 1n. abs
Chamber pressure, P,, 1469.60 1b/sq in. abs

Chamber pressure, P,, 44.0880 1b/sq In.
Chamber pressure, Po, 440.880 1b/sq In. abs

Chamber pressure, P,, 1.46960 1b/sq 1n.
Chamber pressure, Po, 146.960 1b/sq in.
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THEORETICAL PERFORMANCE OF HYDROGEN AS A ROCKET

- Concluded.
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EQUILIBRIUM COMPOSITION OF HYDROGEN AS A

ROCKET PROPELLANT

Contilnued

[ Isentropic expansion from chamber conditions. ]

TABLE II.

36

Umhlmmm L] t L] *

od
g
29
g 28
5 29
- o p 24
o £ g —
E s g
£ oo . :
fe g =] = |
. 51258 i
3 588
e N \
2 a5 K
S X |
o a i
; 2 2
Lo 0we W~ ~o @ o
VIS o |ol888 8% SR S5 ¢ 3
Li-x |02 BT 5 8% 29
£ 380 G |ttt EY
mﬁ,M «w (=] L B
oo o6 o5 55| - od =
L. o 00 oo oo w oo
5] 3o N N X
@ = o 4 = ;
o SMPC B Y © "
v o
o
o & g
ket .
- 5% 66 85 66| 7€ G0 68 €i| e oo 9o 69 o
19 o~ OO QO ©O WO OO0 OO OO leocd oo co ool O
88 S8 (995 88 88 8§ T
B 25 82| |8¢S g8 23 29
88 S&i 1868 &8 83 £ .
N RERCR] B2 KR AL L I
w “ .
ot e b
2158 i
u Ealla2=3 3
3% B
5 .lsg -
] ales :
& (RS
© e
&, w e gog me a0 oon| T
TR o8 0698 an L2 55 2
5] w257 |2A2 @ o% 59
T - 15
+ S5 oo | ¥ 6Ee oo oo 99 % |« ove oo o oo
g 88 8517888 88 88 8§ 5| (898 8S 88 88
o F R - R o i P
52 28 <2 S92 88 g8
& 2% 88| oR 88
m =R 28
: |
3}
— TNA 05 55 G0 5 55 Ge 60| [6Ts oF 8o 89] 5o So
Tne 08 o2 80| Mmoo oo oo ool [28g 28 38 5S¢ 88 38,
jel c 200 OO OO OO rrd SO 96 ©o 208 06 OO 9G co ool
s £ ~ | o 7@ 00 ©6 SB 00D ©6 S0 0O 00 OO 06 OO cE co
2 | gleas 06 86 eo| ked ce ae 88| leso co o8 &g cc co
s el RS b = R ARy
g S | s
I3 H e
£ 3
T Ios - b=4
L b2
2 < [*
! .
7
[N B me on or 29 20 wr s
Y el 20 @ e~ DN Do o
Giex|d ‘BaR &R &e FrA A 3L a8
= bos oo 68 : g5 o5 o8 53 o5 oo
R [ B2S 88 88 21888 83 88 88 38
EEN Se S8 S8 SRS SS 28 oo SS
: Ao 00 P = “e 62 00 oG 60
mm"vaPC —_n o Q0 00
iE 3
= L .




37

EQUILIBRIUM COMPOSITION OF HYDROGEN AS A

ROCKET PROPELLANT

from chamber conditions. ]

- Continued.
ic expansion

[ Isentrop
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EQUILIBRIUM COMPOSITION OF HYDROGEN AS A

ROCKET PROPELLANT

- Continued.
[ Isentropic expansion from chamber conditions. ]
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EQUILIBRIUM COMPOSITION OF HYDROGEN AS A

ROCKET PROPELLANT

Continued.

[Isentropic expansion from chamber conditions. )
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from chamber conditions. ]

EQUILIERIUM COMPOSITION OF HYDROGEN AS A
ic expansion

ROCKET PROPELLANT

- Concluded.
[Isentrop
(s) Chamber temperature, T,, 4800° X
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TABLE III. - CHARACTERISTIC VELOCITY AND ENTROPY OF HYDROGEN AS A ROCKET PROPELLANT

——
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assuming equilibrium composition.

Figure 2. - Specific heat at constant pressure for gaseous normal hydrogen
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Ratio of specific heats, T, cp/cy
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- Concluded.
hydrogen assuming equilibrium composition during an

sion to a pressure ratio of 1000.
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. - Theoretical ratic of nozzle area to throat area for gaseous

normal hydrogen assuming equilibrium composition during an isen

expansion to a pressure ratio of 1000.
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Theoretical ratio of nozzle area to throat area

for gaseous normal hydrogen assuming equilibrium composition during
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